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Summary

An expanded and improved version of a previously pub-

lished benzene oxidation mechanism is presented and shown to

model published experimental data fairly successfully. This

benzene submodel is coupled to a modified version of a toluene

oxidation submodel from the recent literature. This complete

mechanism is shown to successfully model published experi-

mental toluene oxidation data for a highly mixed flow reactor

and for higher temperature ignition delay times in a shock tube.

A comprehensive sensitivity analysis showing the most impor-
tant reactions is presented for both the benzene and toluene

reacting systems. The NASA Lewis toluene mechanism's

modeling capability is found to be equivalent to that of the

previously published mechanism which contains a somewhat
different benzene submodel.

Introduction

This report continues the investigation of aromatic hydrocar-

bon oxidation mechanisms begun with the development of a

benzene oxidation mechanism by Bittker (1991). The increased

content of aromatics in today's practical fuels makes it impor-

tant to understand their oxidation chemistry because a large

research effort is being devoted to the theoretical modeling of

advanced concepts for high-speed, clean-burning aircraft en-

gines. This work requires the development of simplified fuel

oxidation models which realistically predict heat release rates

and pollutant species emission concentrations. The latter task

can only be accomplished after an understanding of the com-

plete detailed oxidation mechanism has been obtained. Over

many years of research, although steady progress has been

made toward the understanding of aliphatic hydrocarbon
oxidation (Warnatz (1984)), this has not been the case for

aromatics. Only very recently, with the publication of the
NASA Lewis benzene mechanism (Bittker, 1991) and a tolu-

ene oxidation mechanism by Emdee, Brezinsky, and Glass-

man (1992), has detailed modeling for experimental reactions

of these fuels been reasonably successful. The latter toluene
mechanism contains a benzene submodel which differs in

several respects from the NASA Lewis mechanism. Both

benzene oxidation mechanisms have been used to successfully
compute experimental composition time profiles measured in

a highly mixed flow reactor at approximately 1100 K (Lovell,

Brezinsky, and Glassman, 1988). The NASA Lewis mechanism

also computed with reasonable success experimental ignition

delay times measured behind a reflected shock wave for lean,

stoichiometric, and rich benzene-oxygen-argon mixtures

(Burcat, Snyder, and Brabbs, 1986). The complete Emdee

mechanism computes species profiles for the toluene oxidation
which agree with experimental data measured at 1200 K in the
same flow reactor used for the Lovell work.

This report first presents an improved version of the original

NASA Lewis benzene oxidation mechanism. The capabilities

of both mechanisms to model available experimental data are

compared and sensitivity analysis results for the new mecha-

nism are given. Differences between the Emdee and NASA

Lewis mechanisms are pointed out. The NASA Lewis benzene

model is then coupled with a slightly modified version of the
Emdee toluene submodel. The new toluene oxidation mecha-

nism is used to model not only the Emdee flow reactor data at

1200 K but also the ignition delay time data for toluene-

oxygen-argon mixtures which were also reported by Burcat,

Snyder, and Brabbs (1986). The temperature range of the

Burcat data is 1300 to 1600 K; the mixture concentrations

range from a lean fuel-oxygen equivalence ratio _0of 0.331 to

stoichiometric (q_= 1.0). A complete sensitivity analysis is also

performed to determine the rate-controlling reactions and to

indicate which individual steps in the mechanism need further

study.

All computations were performed with the NASA Lewis

Research Center general chemical kinetics and sensitivity
analysis code LSENS (Radhakrishnan, 1994, Radhakrishnan

and Bittker, 1994, and Bittker and Radhakrishnan, 1994).

According to the law of microscopic reversibility, all chemical
reactions are considered reversible, with the ratio of the for-

ward to reverse rates equal to the equilibrium constant.

Because the net rates, therefore, depend strongly on the thermo-

dynamic data used to compute the reaction equilibrium con-

stants, table I lists pertinent thermodynamic data over the

temperature range of interest for several important species in
the benzene and toluene oxidation mechanisms. The thermo-

dynamic data base used for most species is that of the NASA
Lewis Chemical Equilibrium Composition Code (Gordon and

McBride, 1994 and McBride, Reno, and Gordon (1994)).

However, the table gives data for several species not in the

standard data base; these data were computed recently for the

present work by Bonnie J. McBride at the NASA Lewis

Research Center. Data for several C 5 species were also
computed by Dr. A. Burcat at Lewis. It is also important to note

that the thermodynamic data for benzyl alcohol and the benzyl



radicalarethesameasthoseusedbyEmdee,Brezinsky,and
Glassman(1992)intheircomputationsandwereprovidedby
Dr.K.Brezinsky(1993,PrincetonUniversity,Princeton,N.J.,
personalcommunication).Theexactstructuresofthesespecies
arenotknownatthis time.Becausetheirthermodynamic
propertieshadasignificanteffectonthecomputedbenzene
alcoholconcentration,it wasimportanttousethesamestruc-
turalassumptionsthatEmdee,Brezinsky,andGlassmanused
forthesemoleculesin theircomputations.

Benzene Oxidation

Chemical Mechanism

The original NASA Lewis mechanism overpredicted the

formation of phenol and cyclopentadiene. Additional con-

sumption reactions for these species were published in the
benzene oxidation submodel of the Emdee toluene mechanism.

These reactions and other modifications were incorporated into

a new NASA Lewis benzene submodel listed in table II,

which contains the three constants in the rate equation
nj

kj = Aj Tj exp - (E ./RT) for all reactions The Emdee prod-j °

ucts and rate coefficient parameters for the reaction of oxygen

atom with the cyclopentadienyl radical (C5H5) are now used.

Instead of forming the intermediate product C5H50, the reac-

tion now forms directly the products C4H 5 and CO. In addition,

two different pyrolysis reactions of the C4H 5 radical are used,
as done in the Emdee mechanism. These are

C4H 5 = C2H 3 + C2H 2 (50)

and

C4H 5 + M = C4H4+ H + M (51)

The rate coefficient for reaction (50) was modified from the

Emdee expression by reducing the pre-exponential factor to

obtain a vinyl acetylene (C4H4) concentration profile consis-
tent with the experimental results. The rate coefficient of reac-

tion (51) was assumed to be the same as the expression used for

the vinyl radical (CzH3) pyrolysis, reaction (60) (also done in
the Emdee mechanism). In addition, destruction reactions of

the species C4H 4 and the propargyl radical (C3H3) were added

to the NASA mechanism. The molecular pyrolysis of C4H 4 to
acetylene, suggested by Kiefer et al. (1988), was used as were

reactions of vinyl acetylene with the phenyl radical and H-atom

reported by Colket (1986). The reaction of C4H 4 with the CzH
radical was reported by Frenklach et al. (1983). Abstraction

reactions of the oxygen atom and the hydroxyl radical with

vinyl acetylene and those of C2H, the vinyl radical, and C4H 5
with benzene were also used with estimated rate coefficients.

Propargyl is removed by its direct reaction with molecular

oxygen whose rate was measured by Slagel and Gutman
(1986). Several of these reactions form 1,3 butadiene, which is

removed by three reactions reported by Vaughn, Howard, and

Longwell (1991). Recent discussions of benzene formation in

the flames of aliphatic fuels (Miller and Melius, 1992 and

Westmoreland, 1989) as well as a study ofallene pyrolysis (Wu

and Kern, 1987) have suggested the recombination of two

propargyl radicals and the reaction of propargyl with allene as

possible paths for the formation of benzene in aliphatic fuel

oxidation. Several calculations with the rate coefficients given

by Wu and Kern showed that these reactions had absolutely no

effect on the computed results for benzene oxidation because

propargyl is consumed very rapidly by its reaction with oxygen
and its recombination with the H-atom to form allene. The two

benzene-forming reactions were not included in the NASA
mechanism. However, two additional reactions were added,

both of which were used by Vaughn, Howard, and Longwell
(1991) in their modeling of the benzene-ethylene-mixture

oxidation in a perfectly stirred reactor:

C6H6+ CH 3 = C6H 5 + CH 4 (10)

C6H 5 + C2H 2 = C6H5C2H+ H (11)

Significant formation of the product phenylacetylene was

observed and measured by Vaughn, Howard, and Longwell,

who used only this one reaction to model their results. In the

present work, reaction (11) formed phenylacetylene near the

initial reaction temperature and then destroyed it as the tem-

perature increased toward its equilibrium combustion value.

One more point should be mentioned concerning reac-

tion (20), the C5H 5abstraction of a hydrogen atom from phenol

(C6HsOH):

C5H 5 + C6HsOH = C6H50 + C5H 6 (20)

The rate coefficient used in a previous work (Bittker, 1991) and

in the present calculations is an estimate reported by Lovell,

Brezinsky, and Glassman (1989) in their study of the pyrolysis

mechanism of phenol; namely,

k20 = 2.67x1014 exp(-25200/RT) cm3/(mole-s)

where R is the universal gas constant and T is the temperature in

kelvin. The pre-exponential factor in this expression is rather high

for this abstraction process and was replaced by anothei'estimated

expression in later work from the same research group. The latter
rate coefficient was calculated from an estimate of the reverse

reaction rate by means of the equilibrium constant and the law of

microscopic reversibility. The expression, reported in the Emdee,

Brezinsky, and Glassman (1992) paper is

k20 = 4.20x1013 T q3"82exp(-19840/RT) cm3/(mole-s)



Thisexpressiongivesratecoefficientvaluesabout2ordersof
magnitudesmallerthanthefirstk20 given above by Lovell in
1989. However, when the new express'ion was used in the
benzene oxidation Calculations shown in the next section,

insignificant differences were found from all results computed

using the older expression. These differences indicate that rate

coefficients computed for reaction (20) by either expression

are so high that the rate of this reaction cannot have any control

over the initial stage of the benzene oxidation. There may be,

however, situations in which reaction (20) becomes more rate

controlling. Therefore, the newer and more realistic estimated

k20 is preferred and is listed in table II, which also includes the

CH 4, C2 hydrocarbon, and H 2 oxidation reactions used in the
original NASA Lewis mechanism. All reactions are allowed to

be reversible, but only the forward rate coefficient parameters

are given in the table because the reverse rates are generated by
LSENS at every step of the reaction as the ratio of the forward

rate coefficient to the equilibrium constant. This ratio was

computed internally by LSENS from Gibbs function data as

described previously.
The NASA Lewis model differs from the Emdee model

primarily in the products written for the reactions of molecular

oxygen with the species benzene (C6H6) and cyclopentadiene

(C5H6):

C6H 6 + 02 = C6H50 + OH (1)

CsH 6 + 02= C5H50 + OH (22)

In the Emdee mechanism, these reactions are simple

• hydrogen atom abstractions forming HO 2 and either the C6H 5

or the C5H 5 radical. The above reactions, each of which could

represent a two-step or more process, are an important source
of OH radicals that initiate the reaction in the NASA Lewis

mechanism. As discussed later in the next section, these differ-

ences in products for reactions (1) and (22) are reflected in the

results of sensitivity analysis computations to determine the

reactions whose rates are most controlling in the entire oxida-

tion process.

Computational Results and Comparisons

Comparisons of computed with experimental results were
made with the expanded mechanism Of 146 reactions. The

experimental data are the same as those used by Bittker (1991).

Discussed first are the concentration profiles measured by
Lovell, Brezinsky, and Glassman (1988) in a highly mixed flow

reactor at 101 kPa (1 atm) and at about 1100 K. The benzene

fuel was injected into a stream of nitrogen containing a low

oxygen concentration and was mixed rapidly with the oxidant

stream. The initial concentration and temperature conditions

for the three cases reported are listed in table III as cases B-l,
B-3, and B-4.

Figures 1 and 2 show the computed concentration time

profiles of the four species: benzene, carbon monoxide,

cyclopentadiene, and phenol from the original NASA Lewis

mechanism, thenew NASA mechanism, and the experimental

results of Lovell, Brezinsky, and Glassman (1988). The

experiments were performed at three fuel equivalence ratios tp:

0,74, 1.0, and 1.36. The time scale for the experimental

concentration profiles was obtained by those authors from

flow velocity measurements as a function of distance along the

reactor and was corrected for the mixing time from the point of

fuel injection into the oxidant stream. The flow reactor was

modeled as a constant-pressure (101-kPa or 1-atm), homoge-

neous, static reaction. Figure 1 shows that the new mechanism

changes the computed results to reduce the overall reaction

speed, as indicated by the time rate of benzene consumption

and carbon monoxide formation. At tp = 0.74, the new com-

puted results deviated more from experiment than did the

original ones, which already showed a slower reaction than

observed experimentally. However, at the other two equiva-

lence ratios of 1.0 and 1.36, the new results are closer to the

experimental curves because the original mechanism com-

puted faster reaction rates, as measured by the benzene and

carbon monoxide profiles. In figure 2, which shows phenol

and cyclopentadiene composition versus time, the important

observation is that the new mechanism significantly improved

the prediction of the phenol and cyclopentadiene profiles at all

three equivalence ratios. The concentrations of the radicals

C6H50 and C5H 5are included in the Computed concentrations
of phenol and cyclopentadiene, respectively, because, as

explained by Emdee, Brezinsky, and Glassman (1992), these

resonantly stable radicals can achieve significant concentra-

tions and could combine with a hydrogen atom in the sampling

probe and be detected as the parent species. The original

NASA Lewis mechanism predicted significantly more phenol

formation than was observed for all experimental conditions.

With the new mechanism, agreement is very good at all three

equivalence ratios. The cyclopentadiene concentration pro-

files computed for all conditions by the new mechanism are

also in better agreement with the experimental results than

were the original predictions. At the start of the reaction, the

rate of increase of the C5H 6 concentration is still faster than the
experimental rate is; but the computed maximum in this

species concentration is significantly reduced. Compared with

the original one, the new mechanism provides a marked

improvement in the prediction of experimental results, except

for the benzene and CO profiles at the lean equivalence ratio:

This lack of improvement for these two species is most likely
because there are still unknown reactions which make both

mechanisms underpredict the benzene destruction rate (and

corresponding carbon monoxide formation rate) at _p= 0.74

and overpredict these rates at the other equivalence ratios.

Experimental concentration profiles of six species are given

in Emdee, Brezinsky, and Glassman (1992) for an additional



benzeneoxidationcaseinthesameflowreactor.Theequivalence
ratioforthiscaseis0.91,anditsinitialconditionsarelistedas
caseB-2in,tableIll. Figure3showstheexperimentalbenzene
andphenolprofilesforthiscase.Alsoin thisfigurearethe
computedprofilesof Emdee'sworkaswellascomputed
profilesusingthenewmechanismof thepresentwork.For
benzene,theNASALewiscomputedprofileisconsistentwith
theexperimentalonebutis slightlylower.Thecomputed
phenolconcentrationisingoodagreementwithexperiment.A
comparisonoftheNASALewiscomputedresultswiththoseof
Emdeeshowsthattheirmechanismcomputesanexcellent
matchtotheobservedbenzeneresults,buttheNASALewis
mechanismcomputesaslightlymoreaccuratephenolprofile.
Infigure4areshownexperimentalandcomputedprofilesusing
bothmechanismsforcarbonmonoxideandC2hydrocarbons,
whicharemostlyacetyleneandasmallamountofethylene.The
agreementbetweentheNASALewiscomputationandthe
experimentalresultsisgood,butthecomputationgiveshigher
concentrationsthantheexperimentatthestartofthereaction.
However,thecomputedandexperimentalConcentrationsare
quitecloseat thelaterreactiontimesshown.TheEmdee
mechanismoverestimatestheC2formationandunderestimates
thecarbonmonoxideformation.Experimentalandcomputed
concentrationprofilesof cyclopentadieneandC4hydrocar-
bons(vinylacetyleneand1,3butadiene)areshowninfigure5.
TheNASALewismechanismgivesonlyafairmatchtothe
experimentalC4profilewhereasEmdee'smechanismgives
numericallycloseresults.Thetrendof theEmdeecurveis,
however,notconsistentwiththatoftheexperimentalprofile.
NeitherEmdee'snortheNASALewisbenzenemechanism
reproducesthecyclopentadieneconcentrationexperimental
profile.TheNASALewismechanismgivesconcentrationsof
C5H5+ C5H6thataretoohighatearlyreactiontimes,and
Emdee'scomputationsoverestimatethemfortheentirereac-
tiontimeintervalshowninthefigure.Bothcomputedcurves
are,however,consistentwiththeexperimentalcurveatlong
reactiontimes.Thesecomparisonsillustratethestrengthsand
weaknessesofeachmechanism.

TheNASALewismechanismwasnexttestedonthepredic-
tionof theexperimentallymeasuredignitiondelaytimesre-
portedbyBurcat,Snyder,andBrabbs(1986).Ignitionwasby
reflectedshockwaveandthedelaytimewasdeterminedasthe
time(aftershockpassage)forobservingthefirstsignificant
pressurerise.Forthecomputation,astaticreactionatconstant
volumewasassumedbehindtheshock,andtheignitiondelay
timewastakenasthetimefora5-percentpressurerise.Four
benzene-oxygen-argonmixturesat threefuelequivalence
ratiosof0.5,1.0,and2.0wereusedintheexperiments.Forthe
stoichiometricequivalenceratio,experimentscoveredtwo
conditions,a dilute(95.616mole% argon)anda strong
(85.635mole% argon)mixture.Initialconditionsfor all
experimentsaregivenintableIValongwiththeexperimental
results.TableIValsolistscomputedignitiondelaytimesusing
thenewmechanismandtabulatespercentagedifferencesand

percentstandarddeviationso"for each mixture. Ignition delay

times z computed with the new mechanism are compared with

the experimental results in figures 6 to 9 for all mixtures. These

figures plot log 10z versus the reciprocal of kelvin temperature
T. The lines represent least-squares curve fits to the equation

lOgl0 "r= Constant + AE/(2.302585oRT)

where AE is an activation energy factor which is a measure of

the temperature dependence of z, and R is the universal gas

constant. Comparisons show that the present mechanism pre-

dicts ignition delay times quite close to the experimental ones

for the dilute mixture (tp = 1.0) and gives fair agreement for the

strong mixtures (tp = 0.5 and 1.0). Agreement between experi-
ment and calculation is poor for the tp = 2.0 mixture. Predicted

ignition delay times are too long for the lean mixture and too

short for both the strong stoichiometric and the rich mixtures.

Similar results were shown in Bittker (1991) for the original

benzene oxidation mechanism. This lack of agreement is attrib-

uted to inadequacies in both mechanisms causing them to

predict too slow a reaction for tp= 0.5 and too fast a reaction for

the strong stoichiometric and rich mixtures.
In view of the difficulty in defining the experimental first

significant pressure rise, any ty value less than 30 percent

should be considered reasonable agreement between computa-

tion and experiment. However, the present mechanism com-

putes a weaker temperature dependence of ignition delay time
than that observed experimentally for all mixtures. This fact

can be seen from the slopes of the curve-fitted lines in fig-

ures 6 to 9 and also from the activation energy factors AE

computed from these slopes and shown in table V, The com-

puted AE values are between 12 and 20 percent lower than the
AE values for the experimental curve-fitted lines.

In summary, the expanded benzene oxidation mechanism

presented here has a significantly better capability of matching

the available experimental concentration profile data in a flow

reactor than does the original NASA Lewis mechanism. This

is especially true for predicting phenol and cyclopentadiene

concentration profiles at all experimental conditions. How-

ever, the new mechanism is still incomplete and has some of

the same inadequacies as the original mechanism in predicting

higher temperature ignition delay times. The observed differ-

ences between all experimental and predicted results will

probably not be resolved until additional experimental results
are available.

Sensitivity Analysis Results

The new benzene oxidation mechanism was developed with

the help of detailed sensitivity analysis computations which
determined the reactions whose rate coefficients had the great-

est effect on computed results. Several reactions with a large

uncertainty in their rate coefficients had the greatest effect on

computed results when their coefficients were changed by a



moderateamount.Theseratecoefficientswereadjustedtogive
thebestoverallagreementbetweencomputationandexperi-
ment,asshownin theprevioussection.Figure10presents
normalizedsensitivitycoefficientsfor thereactionswhich
controlthreeconcentrationprofilesshownin theprevious
sectionfor theflowreactorcase_0= 0.74.A normalized
coefficientrepresentstheapproximatepercentchangeinthe
variablethatwouldbecausedbya1-percentincreaseintherate
coefficientof agivenreaction.A negativecoefficientmeans
thatincreasingtheratecoefficientresultsinadecreaseinthe
valueofthedependentvariableatthatreactiontime.Theseare
localsensitivitycoefficientsandcanonlygiveinformation
aboutmoderatechangesin theratecoefficient.Theytell
nothingabouttheeffectof largechangesin thelatterand,
therefore,cannotpredicttheeffectofeliminatingareaction.
Theinformationinthisfigurewillbecomparedwithsensitivity
analysisresultsfortheEmdeemechanism.Emdee,Brezinsky,
andGlassman(1992)list thefollowingreactionsasthose
whoserateshavethestrongesteffectonthebenzeneprofile:

I--I+ 02 = OH + O (130)

C6H50 = C5H 5 + CO (13)

C6HsOH = C6H50 + H (17)

The rate coefficient of their direct benzene-plus-oxygen

reaction (a simple H-atom abstraction) has no effect on their

computed results. The situation is quite different with the

present NASA Lewis mechanism.

Sensitivity coefficients for benzene and carbon monoxide

concentrations are given in figures 10 (a) and (b). Reaction (1),

the (chain branching) benzene reaction with molecular oxygen,

is the major rate-controlling step of benzene consumption and

corresponding formation of carbon monoxide. This situation is

in contrast to the situation for the Emdee mechanism just noted.

Reactions (13) and (17) are rate controlling in both mecha-

nisms. The phenoxy dissociation (reaction (13)) speeds up the

overall oxidation process whereas reaction (17), which pro-

ceeds in reverse to form phenol, inhibits the oxidation. The

H + 02 chain-branching step, which is the most rate-control-
ling reaction in the Emdee mechanism, ranks much lower in the

NASA Lewis mechanism, below two other rate-controlling

steps, reactions (6) and (22), the OH attack on benzene and the

reaction of cyclopentadiene with molecular oxygen. It must be

emphasized that the H + 02 reaction is a very important reac-
tion in the current mechanism, even though it is not the most

rate-controlling one; because its rate is very rapid, it has a major

effect on the radical pool concentrations, as it does in any
hydrocarbon oxidation mechanism.

Figure 10(c) shows sensitivity coefficients for the reactions

which control phenol concentration. The main rate-controlling
reactions for this species are two hydroxyl radical reactions,

(6) and (23). Reaction (6) increases phenol formation whereas

reaction (23), the destruction of phenol by OH, decreases

phenol concentration. Net rate computations show that the
reverse of reaction (17) is the dominant reaction that forms

phenol, but this reaction ranks significantly below the last

reaction in figure 10 for controlling the phenol concentration.

Reaction (1) is fourth in the sensitivity ranking for this species.

To find out what reactions are rate controlling on the ignition

delay times shown in the previous section, sensitivity coeffi-

cients of pressure were computed and are shown in figure 11 for
the shock ignition of the strong stoichiometric mixture at
1435 K. The same three reactions which control benzene

destruction and carbon monoxide formation in the lower tem-

perature flow reactor experiments, (1), (13), and (17), are seen

to control the pressure rise in the reflected shock ignition

reactions. As would be expected, they also control benzene and

carbon monoxide concentration profiles computed for this

ignition reaction. The H + 02 chain-branching reaction is next
in importance (at the higher temperature of this reaction) for

controlling pressure and also carbon monoxide concentration

(sensitivity coefficients not shown). This is a significantincrease

in its rate-controlling effect compared with its sensitivity rank-

ing for the lower temperature flow reactor experiments.

Toluene Oxidation

Chemical Mechanism

The toluene oxidation model presented by Emdee, Brezinsky,

and Glassman (1992) was added to the new benzene model just
discussed. Included are 41 of the first 42 reactions in their

table IV, which are reactions of toluene and its fragments. The

one reaction omitted is the slower of two paths given for the

reaction of the benzyl radical (C6HsCH2) with the HO 2 radi-
cal. Computations with and without the slower process gave

identical results, so it was not used. From their table, four

additional reactions involving the species formaldehyde and

CH2OH were also used. Other reactions in their table were
included in the new NASA benzene model. The 45 reac-

tions in the toluene model and their rate coefficient param-

eters are listed in table VI. Preliminary calculations were
made using all the Emdee rate coefficient parameters to

compute the experimental concentration profiles for the

two toluene flow reactor cases shown in the Emdee paper.

The experimental conditions of Burcat, Snyder, and Brabbs

(1986) were used to also compute the pressure-defined igni-

tion delay times for toluene oxidation behind a reflected shock.

Sensitivity coefficients were also computed to determine which,

if any, of the Emdee rate coefficients might need adjusting to

obtain the best agreement between computed and experimen-
tal results.

The preliminary sensitivity analysis showed that only five

of the Emdee rate coefficients had to be adjusted to achieve the

best overall agreement between the computations and all the



experimentalresults.InagreementwithEmdee,themainrate-
controllingreactionwasthedirecttoluene-oxygenreaction

C6HsCH3 + 0 2 = C6HsCH 2 + HO 2 (147)

Because the rate coefficient of this reaction has not been

measured experimentally, its pre-exponential factor was used

as one of the important adjustable parameters for matching the

experimental results. The value of 2.5x 1014 given in table VI

for A147 is only 16.7 percent lower than the Emdee value
obtained by this same procedure. Two other reactions whose

pre-exponential factors had to be changed from Emdee's values
are the reactions of the H-atom with toluene:

C6HsCH 3 + H = C6H 6 + CH 3 (152)

C6H5CH 3 + H = C6H5CH 2 + H 2 (153)

The rates of both these reactions have a significant effect on the

concentration time profiles of benzene, methane, and styrene.

These three species profiles were matched to the experimental

results by increasing A152 to 25 percent above Emdee's value

and decreasing A153 to 16.7 percent below Emdee's value.
Reaction (153) also influences the cresol profile, and the

decrease in its A-factor also improved this species' agreement

between computed and experimental results. Only two other

pre-exponential factors had to be changed from Emdee's
values: these are the A-factors for the reactions

CH3C6H40 = C6H 6 +H + CO (157)

and

C6HsCH 2 + O = C6HsCHO + H (164)

Reaction (157) controls the cresoxy concentration, which con-

trois the formation of cresols by the reaction

CH3C6H40 + H = CH3C6H4OH (156)

The value of A157 had to be decreased by 74 percent from

Emdee's value to increase the computed cresol concentration

level to values near those reported in the experiment. This
change was justified, inasmuch as Emdee's rate coefficient

expression is not an experimentally measured one. It is the

expression determined experimentally by Lin and Lin (1986)

for the analogous decomposition of the phenoxy radical C6H50
(see reaction (13) in table II). Reaction (164) is an important

rate-controlling reaction for benzaldehyde. The estimated pre-

exponential factor of Emdee was increased by 50 percent to

give the best agreement between computed and experimental
benzaldehyde concentration profiles.

In the next section are shown comparisons of the new NASA

computed results with the experimental results of Emdee,

Brezinsky, and Glassman and Burcat, Snyder, and Brabbs for

toluene oxidation using this modified Emdee toluene mecha-

nism coupled with the new benzene oxidation mechanism.

Computational Results and Comparisons

As indicated earlier, two sets of experimental data for high-
temperature toluene oxidation were used in the development of

the NASA complete oxidation mechanism. The first set con-

sists of concentration profiles measured in the same highly
mixed, atmospheric-pressure flow reactor used to obtain the

benzene oxidation data described earlier in this paper. The two

cases reported by Emdee, Brezinsky, and Glassman (1992) had
the initial conditions given in table III as cases T-1 and T-2. Of

course, the computer model of these experiments is the same as
that for the benzene experiments. The second set of data

consists of ignition delay times for toluene-oxygen-argon-

mixture ignition behind a reflected shock wave. These data are

part of the same work of Burcat, Snyder, and Brabbs (1986),

who reported the benzene-oxygen ignition delay times
described earlier in the section Benzene Oxidation. The

pressure-rise-based ignition delay times were calculated

exactly as were t'ae ones for benzene. The flow reactor experi-
ments are discussed first.

Figures 12 (a) and (b) present experimental concentration

profiles of benzene and toluene for the lean (tp = 0.69) and rich
(q_ = 1.33) cases of table III, respectively. Also plotted in this

figure and in figures 13 to 18 are two computed curves for each

concentration profile. These are the curves using the Emdee

mechanism (from their paper) and the curves using the oxida-
tion mechanism of thepresent work. Figure 12 shows that both

the Emdee and NASA Lewis mechanisms give excellent agree-

ment with experiment, except for the benzene profile in the lean

case for which the NASA Lewis curve is slightly low. Concen-

tration profiles for benzaldehyde (C6HsCHO) and methane are
presented in figure 13 for the case _o= 0.69. For each of these

species, both mechanisms give good agreement with the

experimentally observed trends and give fairly good quantita-

tive agreement. The computed benzaldehyde profiles slightly

over predict the experimental concentrations for early reaction

times but then come into good agreement with the observed
profile. The computed maximum concentration and corre-

Sponding reaction time for both computed curves are in good

agreement with the experimental values, and the slopes of the

computed and experimental curves are in good agreement. The
NASA Lewis mechanism reproduces the experimental meth-

ane profile quite well and somewhat better than the Emdee

computation, which underpredicts its concentration. Figure 14

presents experimental and computed benzyl alcohol

(C6HsCH2OH) concentrations for the same case. The agree-
ment between computed and experimental profiles is slightly

better for the Emdee mechanism. For both computed curves,

the maximum concentrations are in good agreement with

experiment, but the times for reaching this concentration are

6



toolongandtheobservedsharpdropinconcentrationfromthe
peakvalueisnotwellpredicted.Figure15plotsexperimental
andcomputedbenzylalcoholandbenzaldehydeconcentra-
tionsforthecaseq_= 1.33. Both mechanisms do a reasonably

good job of predicting both profiles. The matching is better for

benzyl alcohol than for benzaldehyde and the Emdee mecha-

nism gives a more accurate maximum benzyl alcohol
concentration.

Comparisons of computed and experimental concentration

profiles for other species are given in figures 16 to 18. They are

all for the case cp= 0.69. Figure 16 shows excellent agreement

between computed and experimental carbon monoxide profiles

for the NASA computed curve. Emdee's computed concentra-

tion curve for this species also matches the experimental curve

quite well but shows some underprediction of the experimental

results at reaction times greater than 70 ms. The acetylene

concentration profiles in figure 16 show that the new mecha-

nism consistently overpredicts acetylene concentration. At

reaction times greater than 75 ms, the computed concentration

is 1.5 to 2 times higher than the experimental value. By

comparison, Emdee's computed acetylene profile also
overpredicts the experimental results and shows much more

deviation than the NASA computed curve. At reaction times

greater than 75 ms, the Emdee computed acetylene concentra-
tions are approximately three times the experimental values.

Figure 17 shows that concentration profiles for phenol,

ethylbenzene, and styrene are fairly well predicted by the

NASA mechanism. The observed peak in phenol concentration

is, however, not well predicted by the present computations.

The Emdee computations predict ethylbenzene and styrene
concentrations about as well as the NASA mechanism does.

However, Emdee's computed phenol concentrations are sig-

nificantly below the level of the experimental curve. As was
done for the benzene oxidation computations, the experimental

phenol concentration was compared with the sum of the com-

puted phenol and phenoxy radical concentrations. The phenoxy

concentration makes only a small contribution to the total of

both concentrations. The poorest matching of experimental and

computed concentration profiles is shown in figure 18 for the

species cyclopentadiene and cresol. Again, the concentrations

of the cresoxy and cyclopentadienyl radicals were included in

the cresol and cyclopentadiene concentrations. Both are sig-
nificantly underpredicted by the NASA Lewis mechanism.

However, the figure shows that the NASA computed cresols
curve goes through a maximum concentration value at reaction

time of 120 ms, which is quite close to the experimental
concentration maximum at 75 ms. Also, after a reaction time of

40 ms, the slope of the NASA computed cresol curve is about

the same as that of the experimental curve. A shift in the time

scale of the experimental curve would bring it into much better

agreement with the computed curve. The Emdee mechanism

underpredicts cresols noticeably more than the NASA Lewis

mechanism does. It is interesting to note, however, that the

Emdee curve for C5H 5 + C5H 6 overpredicts the measured

cyclopentadiene concentration. Their computed concentration

profile for CsH 6 alone (not shown) matches the experimental

curve fairly well.

The NASA toluene mechanism was next used to compute the

pressure-rise-based ignition delay times for the toluene-oxygen-

argon mixtures mentioned at the beginning of the Toluene

Oxidation section. Both the experimental values of Burcat,

Snyder, and Brabbs (1986) and the NASA computed values

were obtained exactly as described previously for the shock-

initiated ignitions of benzene and oxygen. Four different mix-
tures and two equivalence ratios _p= 0.331 and 1.0) were used

by Burcat. The mixture descriptions are given in table VII,
which also tabulates the experimental and computed delay

times _and gives the same error analysis shown in table IV for

the benzene ignitions. Computed and experimental ignition

delay times are plotted as the lOgl0 "cversus the reciprocal of
temperature for each mixture in figures 19 to 22. In each figure

are plotted the actual experimental data points and the least-

squares line fitted through the points. For the computations,

only the least-squares-fitted lines through the computed delay

times are shown. Good agreement between experimental and

computed results is shown in figures 20 and 21 for mixtures 2
and 3. Both these mixtures are stoichiometric and were diluted

with 95.027 mole % argon. Mixture 2 experiments had initial

pressures of approximately 202 kPa (2 atm) whereas mix-

ture 3 cases had initial pressures close to 606 kPa (6 atm).

Table VII shows that the standard deviations of the computed

values are 10.7 and 13.1 percent, respectively, for mixtures 2

and 3. Figure 19 shows that the computed _ values are sig-

nificantly longer than the experimental ones for mixture 1

(q_ = 0.331; initial pressures ~ 202 kPa or 2 atm). In contrast,

computed _ values are much shorter than the experimental

ones for mixture 4, which is stoichiometric but diluted

in only 85.053-mole % percent argon. These results are shown

in figure 22. Table VII gives the standard deviations of 42.1 and

36.4 percent for mixtures 1 and 4, respectively. The poor
agreement for mixture 1 can be explained by the possibility of

as yet undiscovered reactions which are important at the lean
equivalence ratio and not at _0= 1.0. However, this explanation

does not apply to the poor agreement for mixture 4. The only

difference between mixtures 2 and 4 is the amount of argon

dilution. The enthalpies of the mixture 4 cases at the unshocked

temperature of approximately 298 K are significantly higher

than those of the mixture 2 cases because of the larger fraction

of fuel and oxidant in mixture 4, which also has higher heat

capacity. Therefore, one would expect the initial temperature

range of the mixture 4 cases to be lower than that of the mixture

2 cases for the same range of reflected shock pressure. Table VII

shows that this is true. However, it is possible that these

temperatures, which were computed using the idealized shock

equations, are slightly high for mixture 4. A small estimated

constant correction of about 0.2 percent for shock velocity

attenuation was applied by this author to Burcat's original
calculations of reflected shock conditions. If this correction
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weregreaterforthehigherenthalpymixtureorotherdeviations
fromidealgasconditionsbecameimportant,computedtem-
peraturescouldbelowered.A modestloweringof even
1percent(14to15K)producessignificantlyimprovedagree-
mentbetweencomputedandexperimentalresultsforthemix-
ture4ignitiondelaytimes.Thestandarddeviationofallpoints
is reducedfrom36.4to 26.6percent,withmaximumand
minimumdeviationsofabout34and15percentfortheindi-
vidualdatapoints.Alsoto bementioned,asdonefor the
benzeneignitions,istheuncertaintyindeterminingthetimeof
thefirstsignificantpressurerisefromtheexperimentalpres-
suretimetraces.Consideringtheseexperimentaluncertainties,
thiscomparisonofcomputedandexperimentalignitiondelay
timesraisesquestionsthatwillbeansweredbyimprovingthe
chemicalmechanismandbyobtainingmoredefinitiveexperi-
mentalmeasurementsofignitiondelaytimesandotherdatafor
theoxidationoftolueneattemperaturesabove1300K.

A comparisonoftheNASAcomputedtemperaturedepen-
denceof ignitiondelayandtheexperimentalobservationsis
shownintableVIII,whichliststheactivationenergyfactorsAE
definedforthebenzeneignitiondelaymeasurements.They
werecomputedfromtheslopesoftheleast-squareslinesshown
infigures19to22.Asinthecaseofbenzene,thegeneraltrend
isthatthecomputedAEvaluesarelowerthantheexperimental
values,in thiscasebyabout10to19percent.However,for
thesetoluenemixtures,onlythreeofthefourareincludedinthis
trendwhereasall mixturesfor benzenefollowedthetrend.
TableVIII showsthatthecomputedAEforthediluteandhigh-
pressurestoichiometricmixture3isabout23percenthigher
thantheexperimentalvalue.Thisresultisattributedtothelow
experimentalAE,whichisabout37percentlowerthantheAE
valuesformixtures1and2.Certainly,onewouldexpectthe
temperaturedependencesofthethreestoichiometricmixtures
tobeclosetoeachotherandalsobeclosetothatofthelean
mixture.TableVshowsthatallbenzenemixtureshadaboutthe
sameexperimentaltemperaturedependence.Thisdiscrepancy
alsoshowstheneedforadditionalhighertemperaturedatain
ignitiondelaytimesfortoluene-oxygenmixtures.

In summary,theNASALewiscombinedtoluene-benzene
oxidationmechanismpresentedhereinaccuratelypredictsmost
of theconcentrationprofilesmeasuredforexperimentsina
highlymixedflowreactoratabout1200K.Whenit isusedto
predictignitiondelaytimesforhighertemperature(1300to
1600K)shock-initiatedoxidations,theresultsaremixed.The
computedpressure-basedignitiondelaytimesagreewellwith
experimentalresultsforsomeconditionsbutgiveonlypoorto
fairagreementforotherconditions.Aswasthecasewiththe
benzeneoxidationmechanismalone,asyetundiscoveredreac-
tionsmustbeaddedtothemechanismandalsomoreexperi-
mentalresultsareneededtoresolvethediscrepanciesobserved
betweenthepresentlyavailableexperimentaldataandcom-
putedresults,especiallyattemperaturesabove1300K. It
shouldbementionedthattheEmdeemechanismalsofailedto
givegoodagreementwithexperimentwheninvestigatorsapplied

it tothecalculationoflaminarflamespeedsforbothbenzene
andtoluenemixtures.Computedflamespeedsforthishigher
temperatureregimewerelowerthanreportedexperimental
values(Emdee,Brezinsky,andGlassman,1992).

Sensitivity Analysis Results

Some typical results of the NASA Lewis sensitivity analysis

computations performed during the development of the toluene
oxidation mechanism are shown in figure 23. Sensitivity coef-

ficients of reactions that control four species profiles are shown
for case T- 1of table HI, the lean-mixture toluene oxidation. The

coefficients were all computed at a reaction time of 60 ms.

These results are in general agreement with those of Emdee,

Brezinsky, and Glassman (1992) for the reactions which con-
trol the toluene concentration profile (fig. 23(a)). The most

sensitive steps are reactions (147) and (130), which have

negative sensitivity coefficients and therefore promote the

consumption of toluene:

C6H5CH 3 + 02 = C6HsCH 2 + HO 2 (147)

H+ 02 = OH + O (130)

It should be mentioned that reaction (147) consumes only a

small fraction of the toluene. It is a very sensitive step because

it is the main source of the HO 2radical, which is then consumed
by reaction with the benzyl radical to form benzaldehyde, H,

and OH radicals (reaction (176)). Net species formation rates

show that reaction (176) is a primary source of the H-atom,

which propagates the chain reaction destruction of toluene.

Figure 23(a) also shows that HO 2 reacts with the HCO radical
in reaction (118), the sixth most sensitive reaction with a

negative sensitivity coefficient for toluene. Its products are

molecular oxygen and formaldehyde, CH20, which pyrolyzes
to form H-atoms and more HCO. Both products, therefore,

promote the chain reaction oxidation of toluene. The next two
most sensitive rate coefficients are for the reactions

C6H5CH 3 + H = C6HsCH 2 + H 2 (153)

and

H + C6H5CH 2 = C6HsCH 3 (148)

Both of these reactions proceed from left to right as written.
Although reaction (153) does destroy toluene, it also forms the

benzyl radical, which participates in reaction (148), the most
important reaction that reforms toluene and would have an

inhibiting effect on the oxidation. Figure 23(a) shows, how-

ever, that the benzyl radical also reacts with benzaldehyde in

the fifth most sensitive step, reaction (187). This reaction has a

negative sensitivity coefficient for toluene and, thus, an accel-

erating effect on the oxidation. Even though this reaction forms



toluene,themajoreffectofthisreactionis theformationof
C6H5CO,whichrapidlydissociatestoformCOandultimately
generatesotherfreeradicalsthatspeedupfuelconsumption
andproductformation.Thenetresultof thesecompeting
qualitativeeffectsinacomplexmechanismusuallyhastobe
determinedbya detailedsensitivityanalysis.Thepositive
sensitivitycoefficientofreaction(153)in figure23(a)shows
thatitsoveralleffectistoinhibitthechainreactionprocessthat
consumestoluene.Thedominanceof theinhibitioncanbe
explainedbythefollowingobservations.First,net-species-
formation-ratecalculationsshowthatreaction(153)is the
largestconsumerofH-atoms.ItconsumesmoreH-atomsthan
theimportantchain-branchingstep,H+02,reaction(130),and
socompeteswithit andslowsdownthechainoxidationof
toluene.Second,thebenzylradicalformedbyreaction(153)
speedsupreaction(148),whichhastwoinhibitinginfluences:
it notonlyconsumesmoreH-atomsbutalsoreformstoluene.
Thepositivecoefficientofreaction(148)isconsistentwithits
primaryeffectofformingtoluene.Therefore,boththesereac-
tionsinhibittheoxidationprocessif theirratecoefficientis
increased.TheEmdeesensitivityanalysisliststhereaction

C6HsCH3 + OH = C6HsCH2 +H20 (154)

asthefifthmostsensitivereactionfortolueneconcentration
anditssensitivitycoefficientispositive.Thepresentanalysis
alsofoundapositivesensitivitycoefficientforthisreaction,but
it ranks10thinsensitivity,wellbelowthelastfourreactions
listedin figure23(a).Intheoxidationofaliphatichydrocar-
bons,radicalattacksonthefuelmolecule(likereactions(153)
and(154))usuallyincreasefuelconsumption.However,both
thesereactionsinhibittolueneconsumptionbecauseof the
furtherreactionofthebenzylradicaljustdiscussed.

ThereactionsthatcontroltoluenealsocontrolCOconcen-
tration, as shownby the sensitivityCoefficientsin
figure23(b).Reactions(130)and(147)arethemostimportant
inpromotingCOformation,followedbyreaction(187).Reac-
tions(148)and(153)aretheprimaryinhibtitorsofCOforma-
tion.Itshouldbenotedthattwobenzeneoxidationreactionsare
alsointhegroupoftheeightmostsensitivereactionscontrol-
lingbothtolueneandCOconcentration.Thefirstisthephenoxy
dissociation(reaction(13))whichhelpsconsumetolueneand
alsoformCO.Theotherisreaction(17),whichreactsin the
reversedirectiontoconsumephenoxyandahydrogenatomin
formingphenol.Thisreaction,therefore,inhibitstheoxidation
processbycompetingfor H-atomswithreaction(130),as
shownbyitspositivesensitivitycoefficientfortolueneconcen-
trationanditsnegativecoefficientforCOconcentration.

Reactions(130)and(147)aredominantrate-controlling
reactionsin theformationof cresolsandbenzylalcohol,as
showninfigures23(c)and(d),respectively.Theyincreasethe
formationofbothspecies.In figure23(c)thenexttwomost
sensitivereactionsinhibittheformationofcresols.Theseare
reactions(153)and(154),theHandOHattacksontoluene.

NotethattheOHreactionis muchmoreratecontrolling
on cresolsthanon theCO andtolueneconcentrations.
Reaction(187)isagainratecontrollingandincreasescresol
concentration.Reaction(157),thedecompositionofthecresoxy
radical,isthesixth-rankedrate-controllingstep.Thisreaction
hasanegativesensitivitycoefficientbecauseremovingcresoxy
reducesthegenerationofcresolsbyitsmainpath,thecombi-
nationof anH-atomwithcresoxy(reaction(156)).These
resultsofthesensitivityanalysisledtothedecreasingofthe
Emdeepre-exponentialfactorofreaction(157)tosignificantly
increasecresolconcentrationwithoutchanginganyother
speciesconcentrations.Althoughfigure23(c)showsthatreac-
tion(156)itselfistheeighth-rankedcontrollingstep,therewas
noattempttoincreaseitsratecoefficientabovetheEmdee
value.Thisvalueisalreadyhighanditwouldhavehadtohave
beenincreasedbyaverylargeamountto effectthecresol
concentrationsignificantly.ThisEmdeeratecoefficientis
essentiallythevaluemeasuredbyHe,Mallard,andTsong
(1988)fortheanalogouscombinationofthephenoxyradical
withtheH-atomtoformphenol.

Fromfigure23(d),oneseesthatthemostimportantreaction
incontrollingbenzylalcoholconcentrationistheprincipalpath
foritsformation,reaction(165);however,thethreeprevious
sensitivitycoefficientplotsindicatethatthisisnotusuallythe
case.Theratecoefficientforthisrecombinationof theOH
radicalwiththebenzylradicalwasusedbyEmdee,Brezinsky,
andGlassmanasanadjustableparametertomatchthecom-
putedandexperimentalbenzylalcoholconcentrationprofiles;
thesameprocedureWasusedinthepresentwork.Aftertherate
coefficientofreaction(147)wassettoobtainthebestagree-
mentwithallotherconcentrationprofiles,thecoefficientof
reaction(165)wasadjustedto givethebestbenzylalcohol
profilewithoutchanginganyof theotherconcentrationpro-
files.It is notsurprisingthattheNASALewisk165 agreed
exactly with Emdee's value, inasmuch as his thermodynamic

data for the benzyl radical and the benzyl alcohol species were
used. It was observed here that the attack of the OH radical on

toluene, reaction (154), is the main inhibitor of benzyl alcohol
formation. Reaction (153) the attack of the H-atom on the fuel,

is a less sensitive reaction and is now a reaction which promotes

the formation of benzyl alcohol. This reaction inhibits the

formation of the three other species already discussed. The

reason why reactions (153) and (154) have different effects on

benzyl alcohol concentration is not clear because they both

form the benzyl radical and thus help reaction (165) to form

benzyl alcohol. One possibility is that the water formed in

reaction (154) is much less reactive than the molecular hydro-

gen formed in reaction (153). This example shows again that it

is not always clear what the effect of changing a given reaction

rate coefficient will be in a complex system, and a detailed

sensitivity analysis needs to be done.

To find out which reaction rates control the computed

toluene oxidation ignition delay times presented in the previous

section, the sensitivity coefficients of pressure were calculated



forthepresenttoluenemechanism.Typicalresultsaregivenin
figure24forthecaseq_= 0.331 at an initial temperature of
1334 K. The reaction time of 700 ms is about 200 ms before the

ignition delay time. The same reactions which control the flow

reactor oxidation experiments can be seen to control the shock

ignitions at the higher temperatures (and pressures). The pres-

sure rise is controlled mainly by reactions (130) and (147) and

is inhibited by the H and OH attacks on the fuel, reactions (153)

and (154). The dissociation-recombination reactions of phenol

and phenoxy from the benzene oxidation mechanism also

influence the rate of pressure rise. Although not shown, the

sensitivity analysis results for toluene concentration give the
same reaction rankings as those shown for pressure.

In summary, the sensitivity analysis findings were in general

agreement with the results of Emdee, Brezinsky, and Glassman

(1992) but differed in some details. The two primary rate-

controlling steps were the direct toluene-oxygen reaction and

the H + 0 2 radical chain-branching step. The inhibiting toluene
+ OH reaction was less controlling on the toluene and also CO

concentration profiles than Emdee found. In the NASA Lewis

mechanism, the reaction of benzaldehyde with benzyl, reaction

(187), was a significant rate-controlling step. It promoted the
consumption of fuel and the corresponding formation of CO.

The present analysis also showed that two benzene mechanism

reactions had a noticeable effect on the computed concentration

and pressure rise profiles in toluene oxidation.

Conclusions

This report presented an expanded NASA Lewis benzene

oxidation mechanism which has improved capability to match

most experimental concentration profiles. This mechanism

was compared with that developed by Emdee, Brezinsky, and

Glassman and differs from it in several respects. The two

mechanisms were comparable in computing published experi-

mental concentration profiles. For example, the Emdee mecha-

nism predicted more accurate benzene and C 4 hydrocarbon

profiles whereas the NASA Lewis mechanism gave more

accurate CO, phenol, and C 2 hydrocarbon profiles. Neither
mechanism predicted the cyclopentadiene concentration pro-

file very well. The NASA Lewis mechanism also did a reason-

able job of computing higher temperature and pressure

experimental ignition delay times. A modified version of the

Emdee toluene oxidation mechanism was coupled to the NASA
Lewis benzene mechanism. A few of the Emdee rate coeffi-

cients had to be modified because of differences between the

two benzene submodels. The NASA Lewis complete model

was used to compute not only Emdee's toluene experimental

data but also to match higher temperature and pressure toluene

oxidation ignition delay times. Comparisons of computed

results for both complete toluene models with experimental

data showed that each was equally good in matching the

experiments. Both had successes and failures in reproducing

the experimental results. When the NASA Lewis predictions of

toluene oxidation concentration profiles were compared with

those of the Emdee mechanism, several species concentrations

were predicted equally well. However, Emdee matched the

experimental benzyl alcohol profiles better than the NASA

Lewis mechanism did; the NASA Lewis matched the experi-

mental methane profile better than Emdee did. Although both

mechanisms predicted more acetylene production than observed

experimentally, the NASA computed curve was noticeably

closer to the experimental one. Also, the NASA Lewis com-

puted phenol concentration profile agreed much better with the

experimental results than did Emdee's, which was well below

the experimental curve. Both mechanisms had difficulty com-

puting the experimental cresol concentration profile. One ma-

jor difference between the two mechanisms was their computed

concentration profiles of cyclopentadiene. The NASA Lewis

mechanism predicted too low concentrations of this species and
the Emdee mechanism, too high levels.

When both benzene and toluene oxidation mechanisms

(Emdee and NASA Lewis) were applied to matching experi-

mental data taken at temperatures above 1200 K, mixed results

were obtained, i _dicating that they both lacked important, as

yet undetermined reactions needed to fully explain high-

temperature experimental results. The Emdee mechanism com-
puted laminar flame speeds which are lower than values

reported in the literature for both benzene and toluene flames.

In the present work, both benzene and toluene mechanisms

gave only mediocre agreement when used to compute experi-
mental ignition delay times for oxidations behind a reflected

shock. These mechanisms must be applied to new high-

temperature experimental results as they become available to
obtain a complete oxidation mechanism for both fuels. It is also

clear that several uncertain reaction rate coefficients for key

steps in these mechanisms need to be measured.

In conclusion, both the NASA Lewis and Emdee models for

toluene and benzene oxidation are comparable in predicting the

presently available experimental data for these fuels.

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio, May 31, 1995
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TABLEI.--THERMODYNAMICDATAFORREACTINGSPECIES

Parameter Species
Phenol Phenoxy I Benzene Phenyl Cyclopentadienolyl

n

C6H5OH C6H50 ] C6H6 C6H5 C5H4OH

(a) Thermodynamic data at 298.15 K

Cyclopentadienonyl

C5H50

Heat capacity, Cp,
cal/mole-K

24.789 22.566 19.629 18.873

At/-/, -23.034 11.404 19.792 78.503Enthalpy,

kcal/mole

Entropy, S ° , 75.329 73.570 64.308 68.914

cal/mole-K

(b) Heat capacity C and entropy S ° at various temperatures, cal/mole-K

Temperature,

T,

K

400

600

1000

1200

1400

1600

1800

2000

22.130

19.150

73.150

21.516

19.300

73.541

32.388

43.685

55.571

58.679

61.261

63.381

65.097

66.465

S o

83.705

99.134

124.61

135.02

144.27

152.59

160.16

167.09

Cp S °

29.766 81.234

40.611 95.501

52.169 119.33

55.087 129.10

57.497 137.78

59.462 145.59

61.041 152.69

62.288 159.19

26.924

38.099

50.419

53.624

56.278

58.448

60.197

61.585

S o

71.121

84.293

107.02

116.51

124.98

132.64

139.63

146.05

25.453

35.527

46.590

49.420

51.761

53.671

55.208

56.424

S o

75.403

87.756

108.84

117.60

125.40

132.44

138.85

144.73

28.819

38.505

48.285

50.789

52.820

54.443

55.717

56.699

S o

80.617

94.285

116.54

125.57

133.56

140.72

147.21

153.13

28.050

37.938

48.052

50.679

52.823

54.548

55.916

56.981

S o

80.796

94.182

116.23

125.23

133.21

140.38

146.88

152.83



TABLEI.--Continued.THERMODYNAMICDATAFORREACTINGSPECIES
Parameter

Heatcapacity,Cp,
cal/mole-K

Enthalpy, Aft/,
kcal/mole

Cyclopentadiene

C5H6

Species

Cyclopentadienyl

C5H5

Butadiene Butadienyl Ketyl radical Ketene

C4H 6 C4H 5 C2HO C2H20

(a) Thermodynamic data at 298.15 K

Entropy, S °,
cal/mole-K

18.041

31.935

65.495

18.309

63.500

66.798

19.020

26.109

66.630

18.317

76.007

70.585

10.803

38.500

58.956

12.367

-11.401

57.814

Temperature,

T,

K

400

600

1000

1200

1400

1600

1800

2000

24.646

34.697

45.794

48.682

51.060

52.992

54.540

55.761

S o

71.744

83.768

104.42

113.03

120.72

127.67

134.01

139.82

(b) Heat capacity

cp s°

24.686 73.099

33.484 84.925

42.690 104.48

45.402 112.51

47.412 119.67

48.925 126.10

50.081 131.94

50.977 137.26

C and entropy S ° at various temperatures, cal/mole-K

c,

24.606

32.746

41.467

44.073

46.033

47.413

48.497

49.354

S °

73.016

84.663

103.70

111.49

118.45

124.69

130.34

135.50

23.224

30.253

37.697

39.724

41.346

42.626

43.619

44.378

S o

76.678

87.529

104.97

112.03

118.28

123.89

128.97

133.60

11.716

13.068

15.243

16.089

16.767

17.302

17.723

18.057

S o

62.265

67.282

74.490

77.347

79.880

82.155

84.218

86.104

c,

14.215

16.885

20.245

21.356

22.205

22.855

23.359

23.752

S o

61.717

68.020

77.509

81.303

84.662

87.671

90.393

92.875



TABLE L--Continued. THERMODYNAMIC DATA FOR REACTING SPECIES

Parameter Species

Toluene Benzyl Benzyl alcohol Cresols Ethyl benzene Styrene

CTH 8 C6H5CH 2 C6H5CH2OH CH3C6H4OH C6H5C2H5 C6H5C2H3

(a) Thermodynamic data at 298.15 K

Heat capacity, Cp, 24.684 26.082 26.389 30.599 30.449 28.726
cal/mole-K

Enthalpy, A/H, 11.991 50.311 -24.000 -31.620 7.151 35.445
kcal/mole

Entropy, S ° , 76.527 76.753 80.069 86.072 86.193 82.402

cal/mole-K

Temperature,

T,

K

400

600

1000

1200

1400

1600

1800

2000

33.105

46.927

62.452

66.668

70.114

72.895

75.105

76.833

S o

84.970

101.16

129.19

140.96

151.50

161.05

169.77

177.78

%

34.030

46.468

60.224

63.928

66.954

69.393

71.331

72.845

(b) Heat capacity C e and entropy S ° at various temperatures, cal/mole-K

S o

85.550

101.86

129.20

140.52

150.61

159.71

168.00

175.60

35.745

51.061

67.559

71.928

75.500

78.382

80.673

82.466

S °

89.144

106.71

137.12

149.84

161.21

171.48

180.85

189.45

39.439

53.077

67.964

72.016

75.336

78.021

80.162

81.843

S °

96.326

115.07

146.09

158.85

170.21

180.45

189.77

198.31

40.348

56.774

75.117

80.155

84.230

87.522

90.146

92.206

S o

96.535

116.18

149.98

164.14

176.82

188.29

198.75

208.36

%

37.943

52.521

68.269

72.433

75.822

78.543

80.695

82.369

S o

92.193

110.48

141.43

154.26

165.69

176.00

185.38

193.97



TABLEI.--Concluded. THERMODYNAMIC DATA FOR REACTING SPECIES

Parameter Species

Cresoxy Benzaldehyde Hydroxyl

CH3C6H40 C6HsCHO OH

(a) Thermodynamic data at 298.15 K

Heat capacity, Cp, 27.605 26.719 7.166
cal/mole-K

Enthalpy, A/H, 2.820 -8.793 9.318
kcal/mole

83.302 80.289 43.881Entropy, S ° ,

cal/mole-K

(b) Heat capacity Ct, and entropy S ° at various temperatures, cal/mole-K

Temperature

T,

K

400

600

1000

1200

1400

1600

1800

2000

36.188

49.870

65.214

69.204

72.434

75.006

77.020

78.563

S o

92.635

110.05

139.56

151.82

162.74

172.58

181.54

189.74

34.967

47.497

60.939

64.287

67.051

69.30

71.105

72.528

S o

89.323

106.04

133.89

145.31

155.43

164.54

172.81

180.37

%

7.089

7.058

7.332

7.565

7.775

7.962

8.128

8.275

S o

45.975

48.839

52.493

53.851

55_033

56.084

57.032

57.896
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Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

TABLE II.--BENZENE OXIDATION SUBMECHANISM

Reaction

C6H 6 + 02 -- C6H50 + OH

C6H 6 + C6H 5 ,_ CI2HI0 + H

C6H 6 ._ C6H 5 + H

c6n 6 + H '_ C6H 5 + H 2

C6H 6 + O _ C6H50 + H

C6H 6 + OH ,-" C6H 5 + H20

C6H 6 + C2H ,_ C6H 5 + C2H 2

C6H 6 + C2H 3 "C6H 5 + C2H 4

C6H 6 + C4H 5 - C6H 5 + C4H 6

C6H 6 + CH 3 -- C6H 5 + CH 4

C6H 5 + C2H 2 _ C6HsC2H + H

C4H 3 + M _ C4H 2 + H + M

C6H50 _ C5H 5 + CO

C6H 5 + 02 _C6H50 + O

C6H 5 + HO 2 ,,_ C6H50 + OH

C6H 5 ,_ CgH 3 + C2H 2

C6HsOH _ C6H50 + H

C6HsOH + H ._ C6H 6 + OH

C6H5OH + H ,," C6H50 + H 2

C5H 5 + C6H5OH _, C6H50 + C5H 6

CsH 6 _ CsH 5 + H

CsH 6 + 02 _ C5H50 + OH

C6H5OH + OH _ C6H50 + H20

C6H5OH + HO 2 ,,, C6H50 + H202

C6H5OH + O _ C6H50 + OH

C6H5OH + C2H 3 ,,_ C6H50 + C2H 4

C6H5OH + C4H 5 _ C6H50 + C4H 6

C6HsOH + C6H 5 _ C6H50 + C6H 6

C5H 6 + OH ._ C5H 5 + H20

C5H 6 + H ,,'CsH 5 + H 2

C5H 6 + O _C5H 5 + OH

C5H 6 + C2H 3 " C5H 5 + C2H 4

C5H 6 + C4H 5 " C5H 5 + C4H 6

C4H 6 _ C4H 5 + H

C4H 6 + OH -- C4H 5 + H20

CgH 6 + H _C4H 5 + H2

C5H 6 + HO 2 -- C5H 5 + H202

C5H50 _ C4H 5 + CO

C5H 5 + O _, C4H 5 + CO

CsH 5 + OH ,,, C5H4OH + H

C5H4OH _ C4H 4 + HCO

C4H 4 + C6H 5 _ C6H 6 + C4H 3

C4H 4 _ 2 C2H 2

C4H 4 + O ,,_ C4H 3 + OH

Call 4 + OH ,-_Call 3 + H20

C4H 4 + H _ C4H 3 + H 2

C4H 4 + C2 H .a, C4H3 + C2H2

CsH 5 + HO 2 _, C5H50 + OH

Forward rate coefficients

Aj, ,_j ej,
cm 3, mole, s cal/mole

4.0x1013 0 34 000

4.0x10 It 4 000

5.0x10 t5 108 000

2.5x1014 16 000

2.78x1013 4 910

2.13x10 t3 4 580

1.0xl013 0

1.0xl013 0

1.0xi013 10 000

4.365x10 -4 5.0 12 300

3.24x10 II 0 1 350

1.0xl016 60 000

2.51x10 It 43 900

2.1xl012 7 470

2.0x1013 1 000

4.5x1013 72 530

2.0x1016 88 000

2.2x1013 7 910

1.15x1014 12 405

4.20x1013 -0.82 19 840

8.13x1024 -2.98 78 682

1.0xl013 0 20 712

3.0x1013 0

3.0x1013 1 500

2.81x1013 7 352

6.0x10 t2 0

6.0x1012 0

4.91x1012 ' 4 400

3.43x109 1.18 -447

2.19x108 1.77 3 000

1.81x1013 0 3 080

6.0x1012 0

6.0x1012 0

1.2x1016 109 910

4.79x1012 1 230

1.51x10 t4 10 200

1.99x10 t2 11 600

3.0x1016 15 000

1.0xl0 t4 0

1.0xl013 0

1.0xl015 22 000

1.0xl012 0

1.3x1015 82 500

1.0xl013 0

1.0xl013 i 0
i

1.6xl014 14 500

4.0x1013 i 0

2.0x1013 L 0

Reference

Bittker (1991)

Fahr and Stein (1988)

Hsu, Lin, and Lin (1984) a

Kiefer et al. (1985)

Nicovich, Gump, and Ravishankara (1982)

Madronich and Felder (1985)

Estimated

Estimated

Estimated

Pamidimukkala et al. (1987)

Vaughn, Howard, and Longwell (1991)

Miller et al. (1982)

Lin and Lin (1986)

Lin and Lin (1987)

Bittker (1991)

Braun-Unkhoff, Frank, and Just (1988)

Bittker (1991)

Lovell, Brezinsky, and Glassman (1989)

Lovell, Brezinsky, and Glassman (1989)

Emdee, Brezinsky, and Gtassman (1992) b

Dean (1990)

Bittker (1991)

Bittker (1991)

Bittker (1991)

Emdee, Brezinsky, and Glassman (1992)

Vaughn, Howard, and Longwell (1991)

Vaughn, Howard, and Longwell (1991)

Vaughn, Howard, and Longwell (1991)

Emdee, Brezinsky, and Glassman (1992)

Bittker (1991)

Emdee, Brezinsky, and Glassman (1992)

Bittker (1991 )

Bittker (1991)

Colket (1986)

Kiefer et al. (1988)

Estimated

Estimated

Colket (1986)

Frenklach et al. (1983)

Bittker (1991)

aAdjustment of A-factor to 1.0xl016 for increased pressure (approx) from Kiefer et al. (1985) used for ignition delay time computations.

bSee discussion of this rate coefficient in the section Benzene Oxidation.
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TABLE lI.--Continued. BENZENE OXIDATION SUBMECHANISM

Number

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86
87

88

89

90

91

92

93

94

95

96

Reaction

2 C6H 5 ,_ CI2Hlo

C4H 5 ,_ C2H 3 + C2H 2

C4H 5 + M oC4H 4 + H + M

C4H 2 + O _' C2HO + C2H

C4H 2 + OH ,-' C3H 2 + HCO

C4H 2+ O'_CO+C3H 2

C2H 4 + M ,," C2H 2 + H 2 + M

C2H 4 + OH ,_ C2H 3 + H20

C2H 4 + O ,_ CH 3 + HCO

C2H 4 + O '_' CH20 + CH 2

CEH 4 + OH _ CH 3 + CH20

C2H 3 + M ',_C2H 2 + H + M

C2H 3 + O2 "_ CH20 + HCO

C2H 3 + H '_C2H 2 + H 2

C2H 3 + OH _ C2H 2 + H20

C2H 3 + CH 2 ,_ C2H 2 + CH 3

C2H 3 + C2H ',* 2 C2H 2

C2H 3 + O _C2H20 + H

CH 2 + CH 2 _, C2H 2 + H 2

CH 2+CH_ 2 _C2H 3 +H

CH 2 + OH _ CH + H20

CH 2 + O _ CH + OH

CH + 02 -' CO 2 + 2H

C2H 2+ M'_C2H+H+M

C2H 2+C2H 2 _C4H 3+H

C2H 2 + C2H ,'_ C4H 2 + H

C2H 2 + O -'CH 2 + CO

C2H 2 + O -"C2HO + H

C2H 2 + OH _ C2H + H20

C2H 2 + OH _ C2H20 + H

C2H 2 + CH 2 ," C3H 3 + H

C3H 4 + M _C3H 3 + H + M

C3H 3 + 02 _ C2H20 + HCO

C2H20 + OH ,"CH20 + HCO

C2H20 + OH ,-" C2HO + H20

C2H20 + H ,," CH 3 + CO

C2H20 + H _ C2HO + H 2

C2H20 + O ,_C2HO + OH

C2H20 + O " CH20 + CO

C2H20 + M _CH 2 + CO + M

C2HO + 02 '_ 2 CO + OH

C2HO + O " 2 CO + H

C2HO + OH ,_ 2 HCO

C2HO + H '_ CH 2 + CO

C2HO + CH 2 _ C2H 3 + CO

C2HO + CH 2 _ CH20 + C2H

2 C2HO ," C2H 2 + 2 CO

C2H + OH '_ C2HO + H

Forward rate coefficients

aj,
cm 3,mole, s

3.1x1012

2.0x1011

3.0x1015

1.0xl013

3.0x1013

1.2x1012

9.33x1016

4.79x10 ]2

3.31x1012

2.51x1013

2.0x1012

3.0x1015

3.98x1012

6.0x1012

5.00x1012

3.00x10 t3

3.00×1013

3.30x10 t3

4.00x1013

5.00x1012

2.51x1011

2.00×1011

1.59×1012

4.17x1016

2.00x1012

3.00x1013

1.60x1014

4.00x1014

6.31x1012

3.20×1011

1.20x1013

2.00x1017

3.00×101°

2.80x1013

7.50×1012

1.13x1013

7.50x1013

5.00x1013

2.00x1013

2.00x1016

1.46x1012

1.20x1012

1.00xl013

5.00x1013

3.00x1013

1.00xl013

1.00xl 0 |3

2.00x1013

cal/mole

0 0

0.7 42 260

0 32 000

0

0

0

77 200

1 230

1 130

500O

960

32 000

-250

0

t

0.67 25 700

.68 25 000

0 1000

l 107 000

i 45 900

I o
9 890

i 10 660

7 000

200

6600

65 000

2 870

0

3000

3 428

800O

80O0

0

60 000

2 500

0

0

0

0

2 000

0

• 0

CModified from Emdee, Brezinsky, and Glassman (1992) by reducing A-factor.

Reference

Bittker (1991)

(c)

Est. from reaction (60)

McLain, Jachimowski, and Wilson (1979)

Miller et al. (1982)

Miller et al. (1982)

Miller et al. (1982)

Westbrook and Dryer (1984)

l
Wamatz (1984)

Slagle et al. (1984)

Miller et al. (1982)

Westbrook and Dryer (1984)

Miller et al. (1982)

Frank, Bhaskaran, and Just (1986)

Frank, Bhaskaran, and Just (1986)

Westbrook and Dryer (1984)

Westbrook and Dryer (1984)

Boehland, Temps, and Wagner (1986)

Pamidimukkala et al. (1987)

Slagle and Gutman (1986)

Miller et al. (1982)

Miller et al. (1982)

Westbrook and Dryer (1984)

Miller et al. (1982)

r

Westbrook and Dryer (1984)

Miller et al. (1982)
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TABLE II.--Continued. BENZENE OXIDATION SUBMECHANISM

Number Reaction

97 C2H + 02 _ C2HO + O

98 C2H + O _ CO + CH

99 CH 4 + M _-, CH 3 + H + M

I00 CH 4 + 02 _CH 3 + HO 2

101 CH 4 + H _CH 3 + H 2

102 CH 4 OH _ CH 3 + H20

103 CH 4 + O _CH 3 + OH

104 CH 3 + 02 '_ CH30 + O

105 CH 3 + OH .,' CH30 + H

106 CH30 + M _ CH20 + H + M

107 CH30 + 02 ,,, CH20 + HO 2

108 CH30 + H _ CH20 + H 2

109 CH 3+CH 3_C2H 4+H 2

110 CH 3 + O #CH20 + H

111 CH 3 + CH20 ,," CH 4 + HCO

112 CH3 + HCO ,,_ CH4 + CO

113 CH 3 + HO 2 '_ CH30 + OH

114 CH20 + M ,,_ H + HCO + M

115 CH20 + OH # HCO + H20

116 CH20 + H _HCO + H 2

117 CH20 + O _HCO + OH

t 18 HCO + HO 2 ,,- CH20 + 02

119 HCO + M _H + CO + M

120 HCO + O2 ,,,.CO + HO 2

121 HCO + OH ,,*CO + H20

122 HCO+H_CO+H 2

123 HCO + O _CO + OH

124 CH + 02 _ HCO + O

125 CO + O + M _CO 2 + M

126 CO + 02 .,_CO 2 + O

127 CO + OH _CO 2 + H

t28 CO + HO 2 _CO 2 + OH

129 O + H20 _ OH + OH

130 H + 02 _OH + O

131 O + H2,,_OH + H

132 H+ HO 2 _H 2 + O2

133 O+HO2_OH+O 2

134 HO 2 + OH ** H20 + O 2

135 H + HO2 ,,_OH + OH

Forward rate coefficients

Aj, ,,j Ej,
cm 3, mole, s _ cal/mole

5.00x1013 0 1 500

5.00x1013 0

2.00x1017 88 000

7.94x1013 56 000

1.26x1014 11 900

2.50x1013 5 010

1.90x1014 11 720

4.79x1013 29 000

6.30x1012 0

5.00x1013 21 000

1.00xl012 6 000

2.00x1013 0

1.00×1016 32 000

1.29x1014 2 000

1.00xl01° 0.5 6 000

3.00x1011 0.5 0

2.00x1013 0 0

5.00X1016 76 500

3.00x1013 1 200

2.50x1013 3 990

3.50x1013 3 510

1.00xl014 3 000

2.94×1014 15 569

3.31×1012 7 000

1.00xl014 0

2.00xlO 14

1.OOxlO 14

l.OOxlO 13

5.90x1015 4 100

2.50x1012 47 690

4.17x1011 1 000

5.75×1013 22 930

6.80x1013 18 365

1.89x1014 16 400

4.20x1014 13 750

7.28x1013 2 126

5.00x1013 I 1 000i

8.00x1012 I 0

1.34x1014 _ 1 070

dComputed from reverse rate coefficient and equilibrium constant.

Collisional Efficiencies

Reaction (140): H 2 = 2.3; 02 = 0.78; H20 = 6.0; H202 = 6.6

Reaction (142): H 2 = 3.0; 02 = 1.3; H20 = 21.3; N 2 = 1.3; CO 2 = 7.0; C6H 6 = 20.0; CH 4 = 5.0

Reaction (143): H 2 = 4.0; 02 = 1.5; H20 = 20.0; N 2 = 1.5; CO 2 = 4.0; C6H 6 = 20.0

Reaction (145): H 2 = 4.1; 02 = 2.0; H20 = 15.0; N 2 = 2.0

Reference

Miller et al. (1982)

Miller et al. (1982)

Westbrook and Dryer (1984)

Westbrook and Dryer (1984)

Brabbs and Brokaw (1974)

Brabbs and Brokaw (1974)

Brabbs and Brokaw (1974)

Westbrook and Dryer (1984)

Westley (1980)

Westbrook and Dryer (1984)

Warnatz (1984)

Westley (1980)

Cherian et al. (1981) d

Westbrook and Dryer (1984)

Brabbs and Brokaw (1974)

Westbrook and Dryer (1984)

Brabbs and Musiak (1988)
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TABLE II.--Concluded. BENZENE OXIDATION SUBMECHANISM

Number

136

137

138

139

140

141

142

143

144

145

t46

Reaction

H 2+HO 2,_H202+H

OH + H202 * H20 + HO 2

HO 2+HO 2"_H202+O 2

H + H202 ._ OH + H20

H202 + M _ OH+ OH + M

H 2 + OH _H20 + H

H + O2 + M,-HO2+ M

H20+M _H+OH+M

O+H+M_OH+M

H2+M_H+H+M

O2+M_O+O+M

Forward rate coefficients

Aj,
cm 3, mole, s

7.91x1013

6.10x1012

1.80x1012

7.80x10 I1

1.44x1017

4.74x1013

1.46x1015

1.30x1015

7:10x1018

2.20x1014

1.80x10 TM

cal/mole

0 25 000

1 430

0

0

45 510

6 098

-1 000

105 140

-1.0 0

0 96 000

-1.0 118 020

Reference

Brabbs and Musiak (1988)

TABLE III.--INITIAL CONDITIONS FOR OXIDATION OF BENZENE AND TOLUENE

IN FLOW REACTOR AT 101 kPa (1 atm)

Case

number

Fuel

B-1 Benezene b

B-2 Benzene c

B-3 Benzene b

B-4 Benzene b

T-I Toluene c

T-2 Toluene c

Mixture concentrations,

ppmv

Fuel Oxygen Nitrogen

1571 15 900 982 529

1495 12 301 986 204

1591 11 700 986 709

1581 8 700 989 719

1540 20 015 978 445

1616 10 907 987 477

Temperature,

T,
K

1098

1096

1096

1096

1188

1190

Equivalence

ratio, a

cp

0.74

0.91

1.0

1.36

0.69

1.33

a(Fuel-oxygen mole ratio)/(stoichiometric fuel-oxygen mole ratio).

bLovell, Brezinsky, and Glassman (1988).

CEmdee, Brezinsky, and Glassman (1992).
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TABLE IV.---COMPARISON OF COMPUTED AND EXPERIMENTAL IGNITION

DELAY TIMES FOR BENZENE OXIDATION BEHIND A REFLECTED SHOCK

Mixture number

and description

1

Equivalence ratio, tp, 0.5

Mole % argon, 78.333

Pressure, p, kPa (atm)

-_-190.9 to 231.4

(1.890 to 2.291)

2

Equivalence ratio, _, 1.0

Mole % argon, 95.616

Pressure, p, kPa (atm)

= 573.1 to 720.5

(5.674 to 7.134)

3

Equivalence ratio, (p, ! .0

Mole % argon, 85.635

Pressure, p, kPa (atm)

-- 205.5 to 250.5

(2.035 to 2.480)

4

Equivalence ratio, (p, 2.0

Mole % argon, 93.553

Pressure, p, kPa (arm)

= 202.6 to 265.3

(2.006 to 2.627)

Initial

temperature,

T,
K

1209

1227

1254

1276

1291

1314

1345

1345

1374

1402

1412

1428

1482

1525

1528

1283

1290

1294

1328

1355

1369

1379

1405

1408

1417

! 435

1363

1415

1457

1540

1554

1570

1582

1600

Ignition delay time, x,

laS

Expedmental Computed

878 870

743 721

435 524

330 416

272 360

202 282

159 210

755 750

604 570

415 450

412 413

367 358

213 230

122 161

122 158

750 530

613 496

607 466

490 330

303 26O

287 232

291 211

198 170

189 164

178 153

151 127

1520 690

890 458

599 312

274 168

243 150

211 132

157 123

154 107

astandard deviation, o.

Percentage

diffe_nce

-0.9

-3.0

20.5

26.1

32.4

39.6

32.1

a26.1

-0.7

-5.6

8.4

0.2

-2.4

8.0

32.0

29.5

a16.1

-29.3

-19.1

-23.2

-32.7

-14.2

-19.4

-27.5

-14.1

-13.2

-14.0

-15.9

a21.3

-54.6

--48.5

--47.9

-38.7

-38.3

-37.4

-21.7

-30.5

a40.9
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TABLE V.--TEMPERATURE DEPENDENCE OF IGNITION

DELAY TIMES FOR BENZENE OXIDATION BEHIND A

REFLECTED SHOCK

Mixture number and description

1

Equivalence ratio, _p, 0.5

Pressure, p, kPa (arm) =_202 (2)

2

Equivalence ratio, 9, 1.0 (dilute)

Pressure, p, kPa (atm) -_ 606 (6)

3

Equivalence ratio, _p, 1 (strong)

Pressure p, kPa (atm) = 202 (2)

4

Equivalence ratio, _, 2.0

Pressure, p, kPa (atm) _ 202 (2)

Activation energy factor,

z_, cal

Experimental

42 718

41 472

37 251

42 404

Computed

33 949

34 828

33 649

34 264
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Number

147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
t88
189
190
191

TABLEVI.---TOLUENE

Reaction

C6HsCH3+ 02 ,_ C6H5CH 2 + HO 2

H + C6HsCH2 # C6H5CH 3

C6H5CH 3 _ C6H 5 + CH 3

C6H 5 + C6H5CH 3 ,_ C6H 6 + C6H5CH 2

CH 3 + C6H5CH 3 ,,,. C6H5CH 2 + CH 4

C6H5CH 3 +H # C6H 6 + CH 3

C6H5CH 3 + H _' C6H5CH 2 + H 2

C6H5CH 3 + OH _' C6H5CH 2 + H20

C6H 5 CH 3 + O -_ CH3C6H40 + H

CH3C6H40 + H ,,_ CH3C6H4OH

CH3C6H40 _ C6H 6 + H + CO

CH3C6H4OH + OH # CH3C6H40 + H20

CH3C6H4OH + H ,," CH3C6H40 + H2

CH3C6H4OH + H _ C6H5CH 3 + OH

CH3C6H4OH + H # C6HsOH + CH 3

CH3C6HgOH + C6HsCH 2 -- CH3C6H40 + C6H5CH 3

C6H5CH 2 + O '_" C6H 5 CHO + H

C6H5CH 2 + O _ C6H 5 + CI-I20

C6HsCH 2 + OH _ C6H5CH2OH

C6HsCH2OH + 02 _ C6HsCHO + H + HO 2

C6HsCH2OH + H ,,_ C6H 6 + CH2OH

C6H5CH2OH + OH _ C6HsCHO + H + H20

C6HsCH2OH + H _ C6HsCHO + H + H 2

C6H5CH2OH + C6HsCH 2 _ C6H5CHO + C6HsCH3 + H

C6HsCH2OH + C6H 5 _ C6H5CHO + C6H 6 + H

CH 3 + OH # CH2OH + H

CH2OH + 02 ,," CH20 + HO 2

CH2OH + M ,,_ CH20 + H + M

CH20 + HO 2 _ HCO + H202

C6HsCH 2 + HO 2 _ C6HsCHO + H + OH

2 C6HsCH 2 _ bibenzyl

C6H5C2H 5 # C6H5CH 2 + CH 3

C6H5C2H 5 + OH ,_ C6HsC2H 3 + H + H20

C6H5C2H 5 + H ,., C6HsC2H 3 + H + HE

C6HsC2H 5 + 02 # C6H5C2H 3 + H + HO 2

C6H5CHO + 02 _ C6H5CO + HO E

C6H5CHO + OH # C6H5CO + H20

C6H5CHO + H # C6H5CO + H 2

C6H5CHO + H # C6H 6 + HCO

C6HsCHO + O ,._ C6H5CO + OH

C6H5CHO + C6HsCH 2 ,._ C6H5CO + C6H5CH 3

C6H5CHO + CH 3 ,,, C6H5CO + CH 4

C6H5CHO + C6H 5 ,,_ C6H5CO + C6H 6

C6H5CO '_ C6H 5 + CO

C6H5OH + C6HsCH 2 ,,' C6H50 + C6HsCH 3

)XIDATION SUBMECHANISM

Coefficients in the equation

k = AjT _j exp (EJRI)

Aj, ,_j ej,
cm 3, mole, s cal/mole

2.50x1014 0 41 400

1.80x1014 0

1.40x1016 99 800

2.10x1012 4 400

3.16x10 II 9 500

1.50xl013 5 148

1.00xl014 8 235

1.26x1013 2 583

1.63x1013 3 418

2.50x1014 0

6.50x101° 43 900

6.00xl012 0

1.15xl014 12 400

2.21xi013 7 910

1.20×1013 5 148

1.05x1011 9 500

3.75x1014 0

8.00x1013 0

6.00x1013 0

2.00xl014 41 400

1.20x1013 5 148

8.43x1012 2 583

8.00x1013 8 235

2.11xl011 9 500

1.40×1012 4 400

1.09xi0 II 0.40 -708

2.41x1014 0 5 000

1.67x1024 -2.5 34 190

1.99x1012 0 11 600

2.50x1014 0 0

2.51x10 ll 0.4 0

2.00x1015 0 72 700

8.43x1012 2 583

8.00x1013 8 235

2.00x1014 41 400

1.02×1013 ' 38 950

1.71xlO 9 1.18 -447

5.00xlO 13 0 4 928

1.20xlO 13 0 5 148

9.04x1012 0 3 080

2.77x103 2.81 5 773

2.77x103 2.81 5 773

7.01xlO 1! 0 4 400

4.00x 1014 0 29 400

1.05xl0 II 0 9 500

Reference

This work

Emdee, Brezinsky, and Glassman (1992)

1
This work

This work

Emdee, Brezinsky, and Glassman (1992)

Emdee, Brezinsky, and Glassman (1992)

Emdee, Brezinsky, and Glassman (1992)

This work

Emdee, Brezinsky, and Glassman (1992)

I

i

This work

Emdee, Brezinsky, and Glassman (1992)
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TABLE VII.--COMPARISON OF COMPUTED AND EXPERIMENTAL IGNITION DELAY

TIMES FOR TOLUENE OXIDATION BEHIND A REFLECTED SHOCK

Mixture number and

description

1

Equivalence ratio, q_, 0.331

Mole % argon, 85.989

Pressure, p, kPa (atm),

197.0 to 236.3 (1.95 to 2.34)

2

Equivalence ratio, qo, 1.0

Mole % argon, 95.027

Pressure, p, kPa (atm),

198.0 to 241.4 (1.96 to 2.39)

3

Equivalence ratio, qo 1.0

Mole % argon, 95.027

Pressure, p, kPa (atm),

566.6 to 674.7 (5.61 to 6.68)

4

Equivalence ratio, q_ 1.0

Mole % argon, 85.053

Pressure, p, kPa (atm),

236.3 to 293.9 (2.34 to 2.91)

Initial

temperature,

T,
K

1334

1353

1358

1385

1406

1419

1432

1437

1443

1426

1436

1441

1496

1505

1505

1520

1561

1611

1382

1417

1433

1476

1516

1520

1540

1353

1362

1390

1423

1442

1483

1535

Ignition delay time, x

tls

Experimental Computed

847 975

657 760

556 702

388 493

287 383

221 320

186 276

183 255

124 228

1311 1140

1104 1019

990 948

452 475

452 426

370 430

335 364

207 218

101 120

741 870

563 580

490 488

330 300

237 190

208 183

175 146

1030 582

975 520

596 370

356 259

328 208

185 128

100 73

Percentage

difference

15.1

15.7

26.3

27.1

33.4

44.8

48.4

39.3

83.9

a42.1

-13.0

- 7.7

- 4.2

5.1

- 5.8

16.2

8.7

5.3

18.8

a10.7

17.4

3.0

-0.4

-9.1

-19.8

-12.0

-16.6

a13.1

--43.5

-46.7

-37.9

-27.2

-36.6

-30.8

-27.0

a36.4

astandard deviation, o.
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TABLE VIII.--TEMPERATURE DEPENDENCE OF

IGNITION DELAY TIMES FOR TOLUENE

OXIDATION BEHIND A REFLECTED SHOCK

Mixture number

and description

1

Equivalence ratio, 9, 0.331

Pressure, p, kPa (atm), -- 202 (2)

2

Equivalence ratio, _ 1.0 (dilute)

Pressure, p, kPa (arm), =_202 (2)

3

Equivalence ratio, _0 1.0 (dilute)

Pressure, p, kPa (atm), = 606 (6)

4

Equivalence ratio, 9 2.0 (strong)

Pressure, p, kPa (atm), = 202 (2)

Activation energy factor, AE, cal

Experimental

data

61 853

61 774

38 786

53 256

Computed

results

50 O43

55 258

47872

46 864
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Figure 1.--Concentration time profiles of benzene and carbon monoxide for benzene oxidation

in flow reactor. (a) _0= 0.74; T O = 1098 K. (b) _0= 1.0; T O = 1096 K. (c) _0= 1.36; TO = 1096 K.

25



>

O.

t-

.o

O
t-
O
O

._¢
O
(9
O.
¢/)

240 --

200

160

120

80

40

f /

20 40 120 140

f1_-"" .... ___ C6H50 + C6H5OH

60 80 100

Time, ms

C5H 6

I (a)l
160 180

Experiment

Computed

New mechanism
Original mechanism

240
>
E 200
Q.

e-

.o 160

120
O
t-
O

o 80
U)

'_ 40
n

Experiment

-- _ _ Computed

-'_6_'50 New mechanism
-- ff I_" _+ C6HsOH Original mechanism

-- / ,__'_ C6H5OH

jL .-1r _
/_-'__ ,'_ C5H6, _ C5H 5 + C5H 6

- __--_-------___-_L____..'"

_-"__1 I I n-i (b)l
20 40 60 80 100 120 140 160 180

Time, ms

240 --
>

E 200 --
(Z

.

.o_ 160

_120 C6H50 + C6H5OH_'Y'_-- 7 _ C6H5OH _"

_ (c)l

0 20 40 60 80 100 120 140 160 180

Time, ms

Figure 2.---Concentration time profiles of cyclopentadiene and phenol for benzene oxidation
in flow reactor. (a) _p= 0.74; TO= 1098 K. (b) _o= 1.0; TO= 1096 K. (c) ¢p= 1.36; TO= 1096 K.

Experiment

Computed

New mechanism
Original mechanism

26



8OO

700

600
>

E
e_

E 500
0

_,400
0
c-
O
0

.¢_ 300
tO
(9
O.

o')

Experiment

I-'- _'-,._ _ Computed
I "_'.. _ This work

_ C6H6

C6H5OH + C6H50-7,,_200 --

I C6H5OH --", /'
a i

100 _ ...----

-'-_ _ I
0 20 40 60 80 1O0 120 140 160

Time, ms

Figure 3.nConcentration time profiles of benzene and phenol for benzene
oxidation in flow reactor; _p= 0.91; TO = 1096 K.

x 0.5

1800

1600

1400

>

E 1200
Q.
CL

O

1000
C
(9
tO
C
O
tO

u_

.__
tO

CL
co

800 --

600 --

400 --

200

Experiment

Computed
This work
Emdee

/
/

/
/

/
/

0 . 20 40

/
/

I I I I I
60 80 100 120 140 160

Time, ms

Carbon

monoxide

\
/

/
/

C2 hydrocarbons
(C2H 2 + C2H 4)

Figure 4.--Concentration time profiles of carbon monoxide and C2 hydrocarbons for
benzene oxidation in flow reactor; _ = 0.91 ; TO= 1096 K.

27



.------- Experiment

" Computed

60 I-- C5H5 + C5H6 -_. ..... This work
50 }-" -- _'- ___._. ------ Emdee

.=__ >4ot- ,,'f-7_--_-'_c_,clopentadie.e
°='_g_t--I i /,..,., .,.._._---,"

=o" 20_ i / '-,_,',5+',-,5_'B
i 'o_-/i r/i i I I I l

0 20 40 60 80 100 120 140 160
Time, ms

Experiment

Computed
..... This work

60 P'- _ ------ Emdee
50 I-- C4 hydrocarbons _

o__ _ 30l-- L.= -_" ..... =--° _ 201- .-'.Z"-i-
° 10 p-- V.._.-'.._"-I I i i i i

0 20 40 60 80 100 120 140 160
Time, ms

Figure 5.---Concentration time profiles of cyclopentadiene and C4 hydrocarbons for
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1000 --

800 --

600

0_
=L

400 --

E

--_ 300
"O

.o

200 i

Experiment
..... Computed

100 I I I I I J
7.2 7.4 7.6 7.8 8.0 8.2 8.4

10 000/T, K-1

t I I
1350 1280 1219

Temperature, T, K

Figure 6.--Ignition delay times for benzene oxidation behind reflected shock; mixture 1;
_o= 0.5; mole % argon = 78.333.

28



lOO0 --

800

600

400

_ 300

-- 200

6.4
100

Experiment j/_/

..... Computed /f

.Y
..Y

.-Y

-S
I I I I I

6.6 6.8 7.0 7.2 7.4

10 000/!", K-1

I I I
1515 1430 1350

Temperature, T, K

Figure 7.--Ignition delay times for benzene oxidation behind reflected shock; mixture 2,
dilute; _ = 1.0; mole % argon = 95.616.

I
7.6

29



o_
=L
t:

E

"lO

c-

C
C_

1000

80O

600

400

300

200

m

lOO I I
6.8 7.0 7.2

Experiment
Computed

[]

[]

I
1430

I I I
7.4 7.6 7.8

10 000/T, K-1

I I
1350 1280

Temperature, T, K

I
8.0

Figure 8.mlgnition delay times for benzene oxidation behind reflected shock; mixture 3,
strong; q_= 1.0; mole % argon ---85.635.

2000

1000

800
t:

600
E

400

"lO

C

.g
c--

_=

m

Experimental J

..... Computed r_ _

-- .ss4,

- i _

-- .I

_ ._'_

300 _ _11

200 _"

lOO 11 I I I I I I
6.2 6.4 6.6 6.8 7.0 7.2 7.4

10 000/T, K-1

I I I I
1615 1515 1430 1350

Temperature, T, K

Figure 9.mlgnition delay times for benzene oxidation behind reflected shock;
mixture 4; _o= 2.0; mole % argon = 93.553.

I
7.6

3O



Number

1

6

13

17

22

21

23

130

Reaction

C6H 6 + O2-,--_C6H50 + OH

Sensitivity coefficient

-0.14 -0.10 -0.06 -0.020 0.02 0.06 0.10 0.14

IIIIIII III I II I

C6H 6 + OH-9_C6H5 + H20

C6H50_C5H 5 + CO

C6H5OH _C6H50 + H

C5H 6 + O2_--- C5H50 + OH

C5H6_C5H 5 + H

i C6H5OH + OH._--_C6H50 + H20

H + O2_--_OH + O _ (a)

Sensitivity coefficient

Number

1

13

17

22

21

6

130

Reaction

C6H 6 + O2-_- C6H50 + OH

-0.60 -0.40 -0.20 0 0.20 0.40 0.6C

I I I I I I I I I I I I

C6H50-_--_C5H5 + CO

C6H5OH_C6H50 + H

C5H 6 + O2_C5H50 + OH

C5H6_C5H 5 + H

C6H 6 + OH_C6H 5 + H20

H _-O2_OH + O _ (b)

Number

23

6

22

1

29

5O

115

Reaction

C6H5OH + OHm--_ C6H50 + H20

Sensitivity coefficient
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